The hypo-osmotic swelling test (HOST or HOS test) usually takes into consideration the total HOS response value with no emphasis either on the value of the response subtypes or the response evaluation time. This study investigated the time course of HOS responses and analysed their physiological relevance. Raw semen spermatozoa and Percoll washed spermatozoa were used in the experiment. The morphological changes in the sperm tail were monitored by incubating the spermatozoa in the hypoosmotic solution for 16 different time periods. The HOS reactive spermatozoa and the type of HOS reaction (swelling subtypes) of the samples subjected to different duration of treatment were identified under a phase contrast microscope. Also the fate of individual spermatozoa in a hypo-osmotic environment were monitored for 30 min. In spermatozoa exposed to a hypo-osmotic solution, the motility lasted usually less than 2 min and motility characteristics were uniquely different from that of the spermatozoa under iso-osmotic conditions. The HOS response development was permanent but the motility loss due to hypo-osmotic shock was reversible up to 1 min of incubation. There was an indication of ordered transition among the HOS swelling subtypes apparently initiating with subtype b destined to c, d, e, f and g. Further, the subtypes a and g showed gradual decrease and increase, respectively, while subtype b showed abrupt initial increase and then gradual decrease. Transition from b to g could be direct or via one or more than one subtypes. Ultrastructure based analysis indicated that HOS response subtypes are the apparent reflection of the differences in the cytoskeletal assembly of the sperm tail and thus may be identifying different physiological variants in the sperm population. These results indicate that shorter incubation is essential to document the kinetics of various HOS responses but the conventional HOS test misses these important HOS features because of lengthy incubation. Since the time course of ordered transition of HOS responses will vary more than the total HOS response in semen of different aetiologies, the importance of HOS response subtypes and response evaluation time should be taken into consideration when applying HOS test.
Introduction
The hypo-osmotic swelling test (HOST/HOS test) for investigating the functional integrity of the human sperm membrane has been introduced as a useful assay in the diagnosis of the infertile semen by Jeyendran et al. (1984) . The principle of the HOS assay is based on fluid transport across the sperm tail membrane under hypo-osmotic conditions until equilibrium is reached. Due to this influx of fluid, the tail expands and bulges in characteristic patterns, considered as hypo-osmotic response, which can readily be identified with a phase-contrast microscope (Takahashi et al., 1990; Mladenovic et al., 1995) . The rationale of the test is based on the assumption that an undamaged sperm tail membrane permits passage of fluid into the cytoplasmic space making such space swollen, and the pressure generated makes tail fibres curl, while the damaged or chemically inactive tail membrane allows fluid to pass across the membrane without any accumulation and accordingly no cytoplasmic swelling and curling of the tail occur (Mordel et al., 1993; Mladennovic et al., 1995) . The resultant swelling of the tail thus means an intact membrane and presumably normally functioning spermatozoa (Jeyendran et al., 1984 (Jeyendran et al., , 1992 .
The advantage of the HOST is that it is very simple and repeatable (World Health Organization (WHO), 1992) . In fact, the HOS assay is the simplest test of all the WHO recommended sperm function tests, and thus is widely used (Jeyendran et al., 1992; Mladenovic et al., 1995) . Most recently the HOST has been recommended for use in discriminating viable from nonviable spermatozoa for intracytoplasmic sperm injection (ICSI) in cases of complete asthenozoospermia (Desmet et al., 1994; Casper et al., 1996; Verheyen et al., 1997) . Because of its simplicity, this procedure has been found to be of benefit in testicular biopsies and in ejaculated spermatozoa lacking motility (Ahmadi and Ng, 1997; Barros et al., 1997; Liu et al., 1997) . Although most of the investigations on HOST showed good predictive power, some did raise concern about its validity (Chan et al., 1985; Fuse et al., 1991; Jager et al., 1991) . To date, there is no single test that would reliably predict the fertilizing capacity of human semen (Vantman et al., 1987; Mordel et al., 1993) . Similar to other sperm function tests, the HOST in its present form does not provide unequivocal information regarding the fertilizing ability of the spermatozoa (Mordel et al., 1993; Check et al., 1995; Kiefer et al., 1996) . From a recent review of the HOST related research it appears that much of the confusion is due to the interpretation of the data rather than to the accuracy of the HOS results (Jeyendran et al., 1992) .
The HOST, in its present form, utilizes the total HOS response value ignoring the importance of HOS response subtypes and response evaluation time (Basuray et al., 1987; Chan et al., 1989) . As in the original investigation of Jeyendran et al. (1984) and subsequent investigations (Takahashi et al., 1990; Mladenovic et al., 1995) it has consistently shown seven subtypes of hypo-osmotic responses. Some studies suggest that differential evaluation of the hypo-osmotic response subtypes might be more informative than using total response value in distinguishing fertile from infertile spermatozoa (Basuray, 1987; Chan et al., 1989) . For example, two semen samples may produce identical total HOS response values but they may still differ by the variation in the relative abundance of the response subtypes. However, no study has either explored the dynamics of the hypo-osmotic swellings or provided an explanation for different types of swellings (R.S. Jeyendran, personal communication) . In the present study we have investigated the origin and developmental changes of HOS response subtypes of the human spermatozoa. Quantitative and kinetic analyses of the HOS responses indicated an ordered transition between swelling subtypes over time. Finally, we have attempted to determine the relevance and functional significance of the different hypo-osmotic response subtypes based on our current knowledge of the sperm tail cytoskeleton. The information obtained in this study is expected to assist efficient utilization of the HOST and determination of its mechanism in the future.
Materials and methods
Semen specimens from the male partners of infertile couples with no apparent male factor aetiologies were used in the study. The samples were always collected in the laboratory, and those samples that contained coiled tail spermatozoa (even in low numbers), regardless of their origin, were rejected. Each ejaculate was obtained (after 3 days of sexual abstinence) by masturbation, collected in a sterile container and allowed to liquefy completely (about 30 min) at room temperature. The liquefied semen samples were used for HOS experiments after standard semen analysis following WHO (1992) criteria.
When required (experiment 1), certain samples were processed with double-layer (40 and 80%) discontinuous Percoll gradient columns (Hossain et al., 1996) . The origin of hypo-osmotic response and subsequent changes in the response pattern were investigated by time course studies using only those Percoll enriched sperm samples (n ϭ 4) which had a motility ജ94% after washing. The selection of the highly motile sperm samples for this particular experiment was necessary to avoid any false positive HOS responses because of preexisting swellings or due to non-motile living or dead spermatozoa in the study population. The original HOST (Jeyendran et al., 1984) was used with the following modifications to achieve our goal. A 50 µl specimen was mixed with 500 µl hypo-osmotic solution (150 mOsm sodium citrate and fructose) in an Eppendorf vial maintained at 37°C. A 10 µl sample was withdrawn from the incubation mixture at 1 min intervals for 5 min and subsequently at 5 min intervals up to 60 min. The samples were either immediately evaluated or formalin fixed for later evaluation (Jeyendran et al., 1992) .
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The sample evaluation involved identification and quantification of different types of tail swellings under a phase contrast microscope (Jeyendran et al., 1984 (Jeyendran et al., , 1992 . The osmolality of the above defined hypo-osmotic solution and sperm wash medium, human tubal fluid (HTF) supplemented with 10% synthetic serum substitute (SSS), used in this experiment and subsequent experiments were measured with an osmometer (Wescor Inc., UT, USA)
Percoll washed spermatozoa were also used to study the hypoosmotic behaviour of individual spermatozoa (experiment 2). An inverted microscope (Olympus ® IX 70) equipped with ICSI facilities (micromanipulation, video and stage warmer) was used for this purpose (Casper et al., 1996; Barros et al., 1997; Tsai et al., 1997) . The sperm samples (n ϭ 6) were diluted with the wash medium, HTF supplemented with 10% SSS, so that all the six samples contained ഛ5 spermatozoa per microlitre. Two microdroplets of 10 µl volume, one containing the above defined hypo-osmotic solution (see experiment 1) and the other containing HTF medium supplemented with SSS, were prepared in the centre of a standard ICSI dish (Falcon 1006; BDL, Franklin Lake, NJ, USA) and covered with light mineral oil (Sigma, St Louis, MO, USA). The dish was placed on a heat adjusted (37°C) microscope stage. A 1.0 µl sperm sample (ഛ5 spermatozoa) was loaded in the hypo-osmotic solution droplet with a 2.0 µl capacity pipette. The sample was carefully released in the microscope viewing area so that the fate of a single spermatozoon could be monitored from the beginning. The observation was performed at ϫ400 magnification for 30 min. To keep the spermatozoa in the viewing area, the dish was manually moved if needed. This was required for the initial 1-2 min of observation. A microscopic field and a video monitor were interchangeably used to perform the continuous monitoring and recording. An ICSI needle was used to change the orientation of the spermatozoa so that they could be observed from different angles. The spermatozoa were transferred from the hypo-osmotic solution to the HTF media with an ICSI needle when needed.
In the third experiment, the hypo-osmotic swelling pattern was evaluated for freshly ejaculated spermatozoa using semen specimens immediately after liquefaction and approximately 30 min after ejaculation. The HOS patterns at 10, 30 and 60 min incubation period were evaluated. The samples (n ϭ 5) were chosen to be closely identical in terms of sperm count, motility and morphology. The selection of the semen samples of identical sperm parameters was necessary to eliminate the differential impact of the pre-existing non-motile living and dead spermatozoa of the study samples on the hypo-osmotic swelling patterns as much as possible. The semen samples underwent standard HOST (Jeyendran et al., 1984) . Briefly, a 100 µl specimen was mixed with the above defined 1.0 ml hypo-osmotic solution (see experiment 1) in a 1.5 ml Eppendorf tube and incubated at 37°C. A 10 µl sample was withdrawn from the incubation mixture after 10, 30 and 60 min. The HOS-reactive spermatozoa and type of HOS reaction (swelling types) were identified under phase contrast microscopy at ϫ400 magnification immediately after the desired incubation period. Two hundred spermatozoa in duplicate samples were evaluated in each incubation group for each sample. An experienced single observer graded and quantified the swelling types.
The reasons for different types of tail swellings exhibited by different sperm populations were explored by a critical review of the existing information in the literature on human sperm tail ultrastructure.
Results

Kinetics of hypo-osmotic swellings of sperm population
The various morphological alterations undergone by Percoll washed spermatozoa subjected to hypo-osmotic shock are depicted in Figure 1 , and given type names such as a, b, c, d, e, f and g, which are universally accepted symbols for HOS subtypes (WHO, 1992) . Through careful microscopic observations, we have quantified each morphological type (HOS subtypes) throughout the course of the HOS response, and the results are collected in Table I , and presented graphically in Figure 2 . The results show that more than 30% spermatozoa exhibited tail tip enlargement, resembling the type b response, after 1 min of incubation, suggesting that the spermatozoa were very sensitive to the hypo-osmotic solution used in the experiment. Essentially 100% of the HOS responses in the first 1 and 2 min of incubation was of type b. From the 3rd min onwards, some of these spermatozoa apparently progressed into the type c response by producing a hairpin curvature at the lower part of the tail. During the first 5 min of the incubation period, the HOS responses were confined to the a, b, and c types. The type d, e, f, and g responses were discernible in the population only after 10 min and were accompanied by a gradual decrease in type a and b responses. The type g response continued to increase for as long as 30 min, whereas types d and e remained at the same low levels (Ͻ5%) even with prolonged incubation. Overall, more than 90% of the HOS-reactive spermatozoa achieved swelling within 25 min. Incubation beyond 30 min did not result in The results represent the average of ϮSD of four independent experiments. 1580 any significant variation in the relative abundance of the swelling subtypes. As evident in Figure 2 , the three major HOS response subtypes, a, b and g exhibited three characteristic patterns during the period of incubation. The subtypes a and g revealed unidirectional but contrasting patterns showing a gradual decrease and increase, respectively. Subtype b showed an abrupt initial increase (up to 10 min) and then a gradual decrease.
Characteristics of hypo-osmotic response of individual spermatozoa
Fifteen spermatozoa from six Percoll washed sperm samples were individually monitored to document the time course of morphological changes of the hypo-osmotic swellings exhibited by them when exposed to hypo-osmotic solution (experiment 2). The duration of motility in the chemically defined hypoosmotic environment (see Materials and methods) usually lasted less than 2 min. The locomotive characteristics of Table I . For the sake of clarity, error bars are not included in the figure; the SD values are given in Table I . spermatozoa under the chosen hypo-osmotic condition (150 mOsm) were uniquely different from that of iso-osmotic condition (285 mOsm) of the culture medium. The pre-HOS exposed spermatozoa exhibited random hyperactive motility (due to Percoll wash), while with the immediate exposure to hypo-osmotic solution, they exhibited closely identical locomotive behaviour showing characteristic tail jerking as if the specific location of their tail (terminal part) were chemically attacked. The motility loss due to hypo-osmotic shock was recoverable (Ͼ80%) only when the spermatozoa were returned to culture medium within 1 min of incubation, however swelling that had developed by that time was irreversible.
Out of the 15 spermatozoa investigated, 4, 2, 1, 1 and 7 were apparently stabilized with the b, c, d, f and g sub-type of swelling, respectively. No spermatozoon was found to match HOS sub-type a and e. All 15 spermatozoa exhibited type b swelling as an initial response, of which only four maintained this swelling type. Out of seven spermatozoa exhibiting g type swelling, only two of them appeared to transform into type g directly (from b to g) while the other five went through one or more combinations of several intermediary steps (Figure 3 ) before ending up into g. All the spermatozoa exhibited an initial response (type b) by 2 min starting as early as 25 s of exposure. The g type of swelling was most time consuming, the lowest time required to exhibit this subtype of swelling (g type) was 5 min, however, the majority of spermatozoa exhibiting swelling subtype g required more than 10 min.
HOS response pattern of three incubation periods
The relevance of the above documented time course changes in the hypo-osmotic swellings in Percoll washed spermatozoa was extended to the raw semen spermatozoa by analysing the hypo-osmotic swelling patterns at early (10 min) and currently considered minimum (30 min) and maximum (60 min) incubation time for HOST (Jeyendran et al., 1992) . The results are summarized in Figure 4 . The HOS pattern of semen spermatozoa (Figure 4, experiment 3 ) was similar to that of Percoll washed spermatozoa (Table I, of subtypes d, e and f remained characteristically low (Ͻ 5%) in all three incubation periods. An identical HOS pattern was revealed by 30 and 60 min incubation periods, apparently indicating stabilization of HOS from 30 min onwards.
Discussion
The HOST was introduced in human system in 1984 by documenting seven distinct types of swellings, and the subsequent studies confirmed these swelling subtypes (Mordel et al., 1993) . The present study investigated the pattern of changes in the HOS subtype compositions over time. Previous studies had put less emphasis on incubation and response evaluation times while conducting HOST. Usually the samples are incubated for 30-60 min and the response pattern is assessed at the investigator's convenience (Takahashi et al., 1990; Jeyendran et al., 1992) . Takahashi et al. (1990) , for example, showed an insignificant variation in total swelling up to 24 h after incubation judgement time. Our results are in agreement with the previous studies that unrestricted incubation and evaluation time may not significantly influence total swelling. However, our study shows that swelling subtype compositions do change over time at least up to 30 min. Thus, while these swelling subtypes reflect the different physiological responses of the spermatozoa, which may be relevant to their fertility status, the appropriate timing for analysing the swelling subtype compositions is very important. As evident from our study, from 30 min onwards there is stabilization in the HOS subtype composition change, which indicates that the HOS analysis beyond 30 min measures the HOS pattern of a sample that may be called a 'fully developed HOS pattern'. On the other hand, the directional HOS composition change documented during the shorter incubations indicates that the analysis of HOS in less than a 30 min incubation measures the 'HOS developmental pattern' of a sample. It is highly likely that semen samples will differ more by their 'HOS developmental pattern' than by their 'fully developed HOS pattern'. For example, two semen specimens may be found identical by their final HOS pattern (fully developed HOS pattern) but they may take distinctly different time courses in yielding such an end pattern. Thus, the time course of hypoosmotic swelling may reveal the more hidden characteristic of semen samples. Since we have used more homogeneous and highly selective samples we could not compare the time course of HOS development of our samples. However, despite these limitations in our study, it is apparent from our experiments that the early HOS response analysis with short incubation reveals important HOS features which may strengthen the power of the HOS test.
Continuous monitoring of morphological changes in hypoosmotic swelling of individual spermatozoa (experiment 2) was a tedious job but helped us to reveal the ordered transition among the swelling subtypes and to determine the possible mechanism of transition ( Figure 3) . In fact, the analysis of kinetics of hypo-osmotic swelling of a sperm population (experiments 1 and 3) and individual spermatozoa (experiment 2) provided an indication of an ordered transition among the swelling subtypes. It is apparent from these experiments, particularly experiment 2, that all potential HOS-reactive spermatozoa (100%) always exhibited type b swelling as an initial response before they end up with a particular swelling type. Approximately 20% spermatozoa sustained this swelling (type b) while the majority (80%) were destined to c, d, e, f or g type. The type g represents the complete swelling while the other subtypes represent different degrees of swelling at different locations of the tail. The transition from b to g can be direct or via one or more of the intermediate subtypes (c, d , e or f). All these observations indicate that there may exist several subsets of sperm populations within a semen sample, each of which may take a different route due to their cytoskeletal differences (as discussed below) to final swelling. We thus speculate that it may be clinically relevant to analyse and compare the transition pattern of HOS in semen samples to reveal the hidden differences within as well as between the samples.
The current knowledge of the cytoskeletal architecture of the sperm tail (Holstein and Roosen-Runge, 1981; Holt, 1984; Olson et al., 1987) may provide us with a potential explanation for the different types of swelling (response subtypes). The major organelles of the tail skeleton are the plasma membrane, mitochondrial sheath, outer dense fibres, and the axoneme (Fawcett and Bedford, 1979; Holstein and Roosen-Runge, 1981; Sathananthan et al., 1986) . However, the ultrastructural architecture is not the same along the entire length of the sperm tail; the different domain of the tail has different cytoskeletal assemblies ( Figure 5) . Further, the variation in the cytoskeletal assemblies between the two tails can be even more. The principal and midpiece portion of the tail contain thick dense fibres that surround the axoneme; however, the fibres become reduced in thickness and in number in the distal direction ( Figure 5) . It is then possible that the lower part of the tail, possessing thinner fibres and also a reduced amount of skeletal components, is most vulnerable to hypo-osmotic pressure. We believe that this explains why the tip of the tail is a preferred spot for initial membrane swelling leading to the observed overabundance of type b response in the first couple of minutes of incubation (Table I ). The tip region not only lacks the fibrous sheath that acts as a mechanical shield Figure 5 . Longitudinal and cross-sectional representation of the regional variation of the cytoskeletal assemblies of human sperm tail. This graphical presentation is derived from the literature (Fawcett and Bedford, 1979; Holstein and Roosen-Runge, 1981; Olson et al., 1987) based ultrastructural analysis of human spermatozoa. a, b and c represent principal, midpiece and end piece regions of the tail, respectively. under the plasma membrane, but also lacks the 9 ϩ 2 order of the axoneme (Holt, 1984; Schrader et al., 1986; Olson et al., 1987) . The response subtypes c, d and e are essentially defined by the specific curling pattern of the end piece and the distal segment of the midpiece of the tail (Figures 1 and  5) . These results are in agreement with the fact that the corresponding regions are thicker than the region of type b swelling, but thinner than the more proximal neck area of the spermatozoa where hardly any swelling is detected. More importantly there may be additional variation in the spatial pattern of the cytoskeletal arrangement in this domain of the tail, responsible for the type of curling occurring in response subtypes c, d and e. Response types f and g show HOS reaction across the entire length of the tail (Figure 1) , thus confirming the integrity of the entire membrane in both cases. In spermatozoa exhibiting the f type response, the cytoskeletal assembly probably allows limited influx of the solvent across the length of the tail, generating uniform but less extensive swelling. By contrast, in spermatozoa showing the g type response, the cytoskeletal ingredients must permit a rather large influx of solvent, transforming the entire tail into a balloon shape.
In conclusion, while swelling indicates membrane integrity, the swelling types (seven types) reflect the skeletal integrity of the tail which may vary from spermatozoon to spermatozoon. It is highly likely that depending on the variation of the skeletal ingredients of the tail, the time required for different spermatozoa may be different in exhibiting the swelling/ curling, thus reflecting the probable functional differences of their tails. We have shown that the hypo-osmotic response compositions of spermatozoa change over time and thus should be useful in identifying and quantifying the physiological variants in the sperm population. Conventional HOS test evaluates the fully developed HOS pattern which requires ജ30 min incubation; however, important HOS phenomena occur in the early part of incubation (1-30 min). Future studies should therefore explore the benefit of including the analysis of HOS response development along with fully developed HOS in HOS test.
